Objective: Testosterone supplementation increases GH and IGF-I concentrations in healthy older men via unknown mechanisms. We examine the hypotheses that (i) testosterone amplifies stimulation of GH secretion by GH-releasing peptide (GHRP)-2 or GH-releasing hormone (GHRH) infused with L-arginine to limit somatostatin outflow (i.e. upregulates each agonistic pathway), (ii) testosterone augments the effect of both peptidyl secretagogues infused together (i.e. reduces opposition by hypothalamic somatostatin) and (iii) abdominal visceral fat (AVF) mass is a negative determinant of specific secretagogue-stimulated GH secretion. Design: Randomized double-blind crossover design of placebo versus testosterone administration in healthy older men. Methods: Deconvolution analysis was used to estimate basal GH secretion and the mass (integral) and waveform (time-shape) of GH secretory bursts. Results: Statistical contrasts revealed that administration of testosterone compared with placebo in seven men aged 60-77 years increased fasting concentrations of GH (P , 0.01) and IGF-I (P ¼ 0.003), and basal (P , 0.005) and pulsatile (P , 0.01) GH secretion. Testosterone did not alter the absolute value or rank order of secretagogue efficacy: L-arginine/GHRP-2 (23-fold effect over saline) ¼ GHRH/GHRP-2 (20-fold) . L-arginine/GHRH (7.5-fold). Waveform reconstruction indicated that each stimulus pair accelerated initial GH secretion within a burst (P , 0.01). Regression analysis disclosed a significant inverse association between GH secretory-burst mass and computer tomography-estimated AVF following stimulation with L-arginine/GHRH after testosterone supplementation (R 2 ¼ 0.54, P ¼ 0.015). Conclusion: Supraphysiological testosterone concentrations augment GH and IGF-I production in the elderly male without altering maximal somatotrope responses to single and combined GHRH and GHRP-2 drive, thus predicting multifactorial mechanisms of testosterone upregulation.
Introduction
Growth hormone (GH) and testosterone concentrations rise together in pubertal individuals and fall in parallel in hypogonadal and older men (1 -5) . Administration of testosterone stimulates pulsatile and total GH production in boys with constitutional delay of puberty or isolated gonadotropin-releasing hormone (GnRH) deficiency, adults with testicular failure, female-to-male transsexual patients and elderly men with aging-related hypoandrogenemia (5 -11) . In contrast, testosterone supplementation in eugonadal young men does not increase GH secretion further (5, 12) .
The hypothalmo-pituitary mechanisms by which testosterone promotes GH secretion and thereby elevates insulin-like growth factor I (IGF-I) concentrations in the human are unknown. However, in animal models pulsatile GH secretion is controlled jointly via feedforward by GH-releasing hormone (GHRH) and ghrelin (a GH-releasing peptide, GHRP), and feedback by somatostatin (13 -17) . How testosterone regulates interactions among these principal peptidyl regulators in the human remains unclear. One consistent finding is that supplementation with testosterone before puberty as well as normal puberty in boys potentiates GHRP's stimulation of GH secretion by approximately twofold (18 -20) .
The present investigation evaluates the hypothesis that testosterone supplementation in older men stimulates pulsatile GH secretion in part by augmenting feedforward (stimulation) by GHRH and GHRP-2 (a synthetic analog of ghrelin), and relieves feedback by endogenous somatostatin. To this end, maximally stimulatory doses of GHRH and GHRP-2 were administered individually and together following randomly ordered supplementation with placebo or testosterone (21, 22) . To limit interpretative confounding, L-arginine was infused immediately before stimulation with an individual secretagogue, given that L-arginine putatively inhibits hypothalamic somatostatin secretion (22) (23) (24) (25) . In addition, GHRH and GHRP-2 were delivered continuously in combination, inasmuch as a reduction in somatostatin outflow would be expected to enhance stimulation by the combined secretagogues. A high-precision robotics chemiluminescence GH assay and a new deconvolution methodology were applied to reconstruct both the mass and waveform (shape) of single and dual peptide-stimulated GH secretory bursts after placebo and testosterone supplementation (26) (27) (28) .
Methods

Subjects
Participants provided voluntary written informed consent approved by the Mayo Institutional Review Board. The protocol was reviewed by the US Food and Drug Administration under an investigator-initiated new drug number. Exclusion criteria were recent transmeridian travel (within 2 weeks), night-shift work, significant weight change ($ 3 kg in 1 month), acute or chronic illness, psychiatric treatment or substance abuse. Volunteers were nonsmokers and free of known or suspected cardiac, cerebral or peripheral arterial or venous thromboembolic disease. None was receiving neuroactive medications. Some enrollees continued to take multivitamins, ferrous sulfate, calcium carbonate, aspirin and ibuprofen on nonstudy days. Each subject had an unremarkable medical history and physical examination, and normal screening laboratory tests of hepatic, renal, endocrine, metabolic and hematologic function.
The mean^S.E.M. age was 66^2.2 years (range 60 -77 years) and mean body mass index was 26^1.3 kg/m 2 (range 22 -29 kg/m 2 ). Inclusion criteria were concentrations of follicle-stimulating hormone (FSH) of 2-15 IU/l, luteinizing hormone (LH) of 2-10 IU/l and total testosterone of . 300 ng/dl (10.5 nM).
Statistical design
The study design was a prospectively randomized, placebo-controlled, double-blind within-subject crossover intervention. Each volunteer received three consecutive weekly i.m. injections of placebo (saline) and testosterone enanthate (200 mg) in separate, randomized order. 6 weeks was the minimal washout interval. Thus injections occurred on days 1, 8 and 15. The foregoing androgen-supplementation schedule was chosen because it is known to double 24-h GH secretion and elevate IGF-I concentrations by . 30% in older but not younger men (5) . The precise thresholds for these testosterone effects in the older male are not known. Secretagogue infusions were scheduled within the post-intervention time window, days 17 -21 inclusive (day 1 was defined as the day of the first saline or testosterone injection).
Sampling paradigm
Volunteers were admitted to the General Clinical Research Center, Mayo Clinic, Rochester, MN, USA, on the evening before study to allow overnight adaptation to the unit. To obviate food-related confounds, subjects were given a constant meal (turkey sandwich or vegetarian alternative) of 500 kcal containing 50% carbohydrate, 20% protein and 30% fat at 2000 h. Participants then remained fasting overnight until 1300 h the next day. To allow combined blood sampling and peptide infusion, i.v. catheters were inserted in contralateral forearm veins at 0700 h. Blood (8 ml) was withdrawn for later assay of baseline hormone concentrations. Samples (1.5 ml) were collected in chilled plastic tubes containing EDTA every 10 min for 5 h between 0800 and 1300 h for GH measurements. Plasma was separated on ice and frozen at 2 708 C within 30 min.
Infusions
Infusions were performed on separate mornings fasting. The four protocols comprised i.v. delivery of (i) saline (0800 -1300 h), (ii) L-arginine, 30 g over 30 min (0930 -1000 h), followed immediately by bolus GHRH (1 mg/kg; GRF; Serono, Norwalk, MA, USA), (iii) L-arginine as above followed by bolus GHRP-2 (3 mg/kg) and (iv) combined GHRH and GHRP-2 at a constant rate of 1 mg/kg per h each (0800 -1100 h). The foregoing peptide doses are maximally stimulatory in dose -response analyses in postmenopausal women (21, 22) . The order of infusions was randomized in each subject.
Hormone assays
Plasma GH concentrations were measured in duplicate by automated, ultrasensitive, double-monoclonal imm unoenzymatic, magnetic particle-capture chemiluminescence assay using 22 kDa recombinant human GH as the assay standard (Sanofi Diagnostics Pasteur Access, Chaska, MN, USA). All samples (n ¼ 248) from any given subject were analyzed together. Sensitivity was 0.010 mg/l (defined as three standard deviations above the zero-dose tube). Median intraand interassay coefficients of variation (CVs) were 5.2 and 6.3%, respectively, at the GH concentrations measured here. No values fell below 0.020 mg/l. Cross-reactivity with 20 kDa GH was , 5%. Serum concentrations of testosterone, LH and FSH were quantitated by automated chemiluminescence assay (ACS 180; Bayer, Norwood, MA, USA), using as LH and FSH standards the First and Second International Reference Preparations, respectively (29) . Procedural sensitivities for testosterone, LH and FSH are 0.7 nM and 0.2 and 0.4 IU/l; intraassay CVs were 5.4, 6.3 and 7.4%, and interassay CVs were 7.3, 6.5 and 8.5%, respectively. Estradiol was quantitated in batches by RIA with a sensitivity of 37 pM and within-assay CV of 6.7% (29) . SHBG was assayed by IRMA (4). Total IGF-I concentrations were measured by RIA after acid-ethanol extraction (Nichols Institute Diagnostics, San Clemente, CA, USA) with mean intra-and interassay CVs of 5.3 and 6.2%, respectively (30) .
Visceral fat mass
Intra-abdominal visceral fat mass was estimated by single-slice, abdominal computed tomography (CT) scan at L5, exactly as described in (31) .
Deconvolution analyses of basal (nonpulsatile) and GHRH-stimulated burst-like GH secretion
Earlier deconvolution methods may yield nonunique estimates of basal secretion, secretory-burst mass, pulse number and hormone-elimination rates (32) . To address this technical issue, basal and pulsatile GH secretion were estimated simultaneously by way of a new maximum-likelihood-based, variable-waveform model statistically conditioned on biexponential kinetics and estimated pulse times, as recently validated mathematically and experimentally (26, 27, 33) . Thereby, we determine the impact of testosterone and placebo on saline-and GHRH-and/or GHRP-2-stimulated GH secretory-burst mass and waveform. The analytical strategy was illustrated clinically in (34, 35) .
Variable-waveform deconvolution analysis
From a statistical perspective, there are four interventional assignments involving both placebo and testosterone supplementation. The four infusion types are here denoted as k ¼ 1,2,3,4. Each subject, j ¼ 1,2,. . ., was sampled every 10 min for 5 h. At a given time, t, the GH-secretion rate (unobserved) and GH concentration (measured) in subject j for condition k are designated by Z . Burst-like hormone secretion before and following secretagogue injection at time T is described by two terms: (i) the waveform or instantaneous (unit-area-normalized) rate of GH secretion over time, c(·) and (ii) the mass of GH released per unit distribution volume in the burst (mg/l), M (26, 27) . The waveform function (burst shape) is defined by the generalized Gamma probability density: ; s $ 0; k ¼ 1;2;3;4 ð1Þ
The three b parameters of the c function permit variable asymmetry or approximate Gaussian-like symmetry of secretory-burst shape (33) . The present analytical formulation is distinctive by way of reconstructing (i) a common waveform function for the placebo and another for the testosterone intervention, one in each of the four interventions, k, and (ii) a mean amount of GH secreted after each saline/ secretagogue intervention, M (k) . The mass secreted in any given subject is then M (k) plus a random variation, A j (k) . The total (basal and pulsatile) GH-secretion rate (mg/l per min) in subject j under condition k is: 
or basal secretion plus pulsatile secretion, where a is the proportion of rapid to total elimination, a 1 and a 2 are rate constants of rapid and slow elimination, and X(0) is the starting hormone concentration (27) . Here, a 1 is fixed at the shortest half-life estimable for 10 min of sampling, 6.93 min, and a 2 at the reported value of 20.8 min for endogenous GH (52 
Measured GH concentrations, Y ðkÞ j;i , are considered a discrete time sampling (indexed by i of n data points) of the foregoing continuous processes, as distorted by observational error, 1 i :
The discretized secretion rate, Z . The statistical mode (most commonly represented value) of the time delay to attain the maximal GH-secretion rate within a burst is given as . The principal deconvolution-derived analytical outcomes after both testosterone and placebo administration were (i) basal and pulsatile GH secretion during saline infusion (mg/l per 5 h), (ii) the mass of GH secreted in bursts after saline or secretagogue injection (mg/l per 3 h) and (iii) the modal time latency (min) to maximal GH secretion within secretory bursts. Analytical confidence intervals were corroborated by the bootstrap procedure (Monte Carlo shuffling of residuals and re-fitting of parameters).
Other statistical comparisons
To test the postulate that testosterone compared with placebo was stimulatory, a paired one-tailed Student's t-test was used to compare data within subjects. Bonferroni correction was applied whenever hypotheses and/or biological outcomes were not independent a priori (36) . Linear regression analysis was applied to examine the relationship between GH secretory-burst mass and abdominal visceral fat mass (CT cross-sectional area) in the combined cohorts (37) . Data are presented as the arithmetic mean^S.E.M. or median. P , 0.05 was construed as significant, except for linear regressions when P was Bonferroni-protected at 0.0167. Table 1 summarizes mean fasting concentrations of testosterone, estradiol, SHBG, LH, FSH, GH and IGF-I measured after placebo and testosterone supplementation. Two-way ANOVA showed no order effect among the four testosterone sessions (P ¼ 0.88). Concentrations of LH, FSH and SHBG declined, whereas those of testosterone, estradiol, GH and IGF-I rose, following testosterone administration. Figure 1 presents mean^S.E.M. GH concentration time series for each of the four infusions performed after placebo and testosterone administration in the cohort of seven men. Data reflect sampling every 10 min for 5 h in association with randomly ordered i.v. infusions of saline, L-arginine/GHRH, L-arginine/GHRP-2 and GHRH/GHRP-2 on separate study days. The stimulatory effect of testosterone in the saline session is evident. Figure 2 summarizes deconvolution-based estimates of GH-secretion rates (mg/l per 5 h) during saline infusion. Statistical comparisons revealed that testosterone compared with placebo administration augmented fasting basal GH secretion by 3-fold (P , 0.005) and pulsatile GH secretion by 1.8-fold (P , 0.01). Total GH secretion rose commensurately by 1.9-fold (P , 0.01). In constrast, the mean GH interpulse interval (reciprocal of pulse frequency) did not change: 71^7.5 min for placebo and 88^14 min for testosterone. Figure 3 shows the effects of saline and each specific secretagogue pair on pulsatile GH secretion, defined as the summed mass of GH secreted in bursts (mg/l per 3 h). If expressed for ease of discussion as fractional (fold) stimulation over saline, responses were as follows: L-arginine/GHRH, 7.5^2.5 and 7.6^2.3-fold (not significant for placebo versus testosterone, P , 0.05 versus saline); L-arginine/GHRP-2, 23^6.0 and 26^5.8-fold (not significant for placebo versus testosterone, P , 0.01 versus saline); and combined GHRH/GHRP-2, 20^3.8 and 22^4.7-fold (not significant for placebo versus testosterone, P , 0.01 versus saline). Statistical contrasts among secretagogue combinations disclosed the following descending rank order of stimulus efficacy: L-arginine/GHRP-2 ¼ GHRH/GHRP-2 . L-arginine/GHRH . saline for both the placebo and testosterone interventions. Figure 4 portrays analytically reconstructed GH secretory-burst shapes (time course of hormone release within a secretory event). Secretory-burst shape is independent of the amount of GH secreted within a pulse (see Fig. 3 for mass estimates). During saline infusion, the median values for the set of modal time delays to peak GH secretion within bursts were 31 and 30 min for placebo and testosterone exposure, respectively (not significant). Each secretagogue pair reduced the time latency to maximal GH secretion within bursts by approximately 50% compared with that of saline: range of median values, 16 -19 min after placebo and 12 -15 min after testosterone (P , 0.001 versus saline for each; not significant for testosterone versus placebo). Table 2 gives mean^S.E.M. time delays in relation to each secretagogue combination, showing that there were no significant subgroup contrasts. Both the median and the mean estimates are presented (see footnotes in Table 2 ).
Results
Linear regression analysis was used to examine whether CT-estimated abdominal visceral fat (AVF) predicts stimulated GH secretory-burst mass. At Bonferroni-protected P ¼ 0.0167 (for three comparisons), L-arginine-/GHRH-stimulated GH secretory-burst mass correlated negatively with AVF following testosterone supplementation (R 2 ¼ 0.54, P ¼ 0.015; Fig. 5 ).
Discussion
The present investigation utilized a strategy of single and dual peptide stimulation to assess mechanisms of impaired pulsatile GH secretion in healthy older men. This approach permitted several novel insights. First, the rank order of efficacy of paired stimuli was L-arginine/GHRP-2 (23-fold over saline) ¼ GHRH/GHRP-2 (20-fold) . L-arginine/GHRH (7.5-fold). Accordingly, GHRP combined with a second secretagogue is an effective stimulus of GH secretion in the elderly male. The prominent actions of GHRP putatively reflect the tripartite capability of this class of secretagogues to oppose inhibitory effects of somatostatin on the central nervous system and pituitary gland, stimulate somatotrope GH secretion directly, and induce and synergize with hypothalamic GHRH release (38 -41) . Second, statistical comparisons performed on a within-subject basis disclosed that a schedule of testosterone supplementation that nearly doubles GH secretion and elevates IGF-I concentrations in aging men does not significantly alter hypothalamo-pituitary responsiveness to selectively paired secretagogues. And third, regression analysis revealed that CT-estimated AVF is a significantly negative predictor of L-arginine/GHRHstimulated GH secretory-burst mass accounting for 54% of interindividual response variability. These outcomes provide strong evidence for multifactorial mediation of testosterone-driven GH production, rather than absolute upregulation of the GHRH and/or GHRP effector pathways in healthy older men, quite unlike the mechanisms proposed in androgendeficient boys (see the Introduction). Available studies indicate that minute-to-minute variations in hypothalamic somatostatin secretion may confound facile interpretation of acute GH responses to secretagogues (13, 42) . For this reason, we infused L-arginine just before administering a maximally stimulatory dose of GHRH or GHRP-2. L-Arginine putatively Placebo (n = 7 men) Figure 4 Analytically reconstructed GH secretory-burst shape (waveform) after administration of placebo and testosterone (top and bottom panels, respectively) followed by i.v. infusion of saline, L-arginine/GHRH, L-arginine/GHRP-2 and GHRH/GHRP-2. The normalized waveform is the probabilistic (unit-area normalized) time course of GH secretion within a discrete burst (see the Methods section). The endpoint is the modal time delay to achieve maximal GH release (see Table 2 ). The waveform is parameterized independently of the mass of GH released within the burst (Fig. 3) . restricts central nervous system release of somatostatin, thereby allowing relatively unopposed stimulation by the infused secretagogue (see the Methods section). In the low-somatostatin milieu, exposure to a high concentration of testosterone did not amplify the maximal stimulatory effect of either secretagogue. Based upon estimates of statistical power (see the Results section), the foregoing outcomes argue against clinically significant testosterone-dependent facilitation of the efficacy of either GHRH or GHRP in healthy older men. The paradigm of testosterone supplementation concomitantly increased estradiol concentrations by about 2.5-fold. This point is significant, because estradiol supplementation in postmenopausal women nearly doubles maximal stimulation by GHRP-2, albeit not by recombinant human GHRH-1,44-amide (21, 22, 28) . The difference in older men and women could indicate that a product of testosterone metabolism serves to inhibit and/or that higher estradiol concentrations are required to potentiate GHRP drive.
Infusion of any of the three pairs of secretagogues elicited twofold more-rapid initial GH release within secretory bursts compared with the response to saline (Fig. 4 ). This novel inference was possible using a new flexible-waveform model of deconvolution analysis, which allows estimation of skewed secretory-burst shapes (26 -28) . The methodology has been verified statistically and validated experimentally in human, sheep and horse (33, 43 -45) . From a biological perspective, accelerated initial GH release probably reflects more rapid exocytosis of GH from somatotrope secretory granules (13) . Testosterone supplementation did not influence the prominent effect of secretagogues on GH secretory-burst shape. On the other hand, estradiol compared with placebo administration in postmenopausal women accelerated GHRH-stimulated GH release twofold (28) . The basis for these response differences is not clear.
Supplementation with testosterone did not augment the effect of combined stimulation with GHRH and GHRP-2 in healthy elderly men. According to modelbased predictions, the result would suggest that elevated testosterone concentrations do not significantly attenuate somatostatinergic inhibition (46 -48) . This interpretation in part reflects our finding that testosterone also does not modify maximal individual stimulation by GHRH or GHRP-2 following L-arginine infusion, and the assumption that combined GHRH and GHRP-2 stimulation does not exhaust releasable GH stores. The last inference is supported by the fact that simultaneous infusion of L-arginine, GHRH and GHRP is required to evoke maximal GH release in both young and older adults (49) .
Linear regression analysis disclosed that CT-estimated AVF was a significantly negative predictor of L-arginine/ GHRH-stimulated GH secretion in testosterone-supplemented men, accounting for more than 50% of the response variability. A similar inference was made for pulsatile GHRH-induced GH secretion in another analysis in aging men, which omitted L-arginine and included obese subjects (4) . To the degree that L-arginine antagonizes hypothalamic somatostatin release, we infer that the negative relationship between combined L-arginine/ GHRH-stimulated GH secretion and AVF is not attributable solely to heightened somatostatin outflow. Plausible mechanisms would include impaired stimulation by GHRH acting alone or in synergy with endogenous ghrelin, given the strong facilitative interaction between these two peptides (50) .
Qualifications in the present study are, first, that maximally stimulatory doses of GHRH and GHRP-2 ) provides an estimate of the fraction of the total variation in GH secretory-burst mass that is explained by differences in AVF.
specifically evaluate secretagogue efficacy. Thus our data would not exclude possible testosterone-induced changes in secretagogue sensitivity or potency. Second, the apparent role of testosterone in unmasking an inverse relationship between GH responses to L-arginine/GHRH and AVF should be corroborated, given the relatively small cohort evaluated. Third, the testosterone-supplementation schedule chosen was shown to double GH secretion and elevate IGF-I concentrations in older men, as confirmed here, but yields peak testosterone and estradiol concentrations that exceed the normal range in some subjects (51) . The precise dose -response relationship of the effects of testosterone on GH and IGF-I production in older men is not known.
In summary, the rank order of single and dual peptide efficacy unmasked here demonstrates prominent actions of GHRP in older men in both unmodified and high-testosterone milieux. Compared with saline, each of the three secretagogue pairs accelerated initial GH release within the induced secretory bursts, consistent with rapid exocytosis of somatotrope granules. The response to combined L-arginine/GHRH drive in the high-testosterone setting correlated negatively with AVF, accounting for greater than 50% of interindividual response variability. Based upon these findings, we postulate that interactive mechanisms not requiring increased GHRH or GHRP efficacy mediate testosterone-dependent stimulation of GH production in older men.
